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Abstract
The entangled states that include every physical properties of particles would be important for
both theoretical and applied physics. However, the existence and properties of such entangled states
are unclear at present. Here we theoretically show that a particle-antiparticle pair can form the so-
called packaged entangled states which encapsulate all the necessary physical quantities for completely
identifying the particles. The particles in the packaged entangled states are indeterminate and exhibit
unusual properties. Thereafter, we discussed the possible applications of these new entangled states,
i.e., the protocol for teleporting the entire quantum state of a particle (or an antiparticle) to an
arbitrarily large distance without a classical channel, transfer of the new entangled states from a
particle pair to another particle pair, and new interpretation to the matter-antimatter asymmetry of
the observable universe.
1 Introduction
An entangled state usually refers to a pure state of a composite system which cannot be expressed as the
direct product of the quantum states of its subsystems.[1–3] In these states, a measurement on one of the
particles will immediately change the state of other particles [4] via the “spooky action at a distance” [5]
no matter how far these particles are spatially separated. The entangled states are important for both
fundamental research [4, 6–8] and applications in quantum information [9]. A considerable amount of
theoretical and technical works have been devoted to the entanglement of one degree of freedom [10–20]
and several degrees of freedom, i.e., hyperentanglement [21–25], multimode entanglement [26–31], and
entanglement of indistinguishable particles [32–34]. These entangled states usually encapsulate part of
the particles’ physical quantities.
However, one may ask whether the particles can form a special entangled state that can package
all their physical properties? More specifically, a particle possesses a number of independent physical
quantities (or freedoms), such as charge, baryon number, lepton number etc.[35, 36] With these physical
quantities, one can completely identify the particles. The question is whether all these physical quantities
could be packaged as an entirety in the new entangled state. We shall call such an entangled state as
a packaged entangled state, which is different to the states of hyperentanglement [21–25] or multimode
entanglement [26–31].
The packaged entangled states could be used to teleport the entire quantum states or to transmit every
intrinsic property of the particles or antiparticles [37], instead of just some of their physical properties.
On the other hand, the packaged entangled states could be also used to explain the imbalance between
baryons and antibaryons produced after the Big Bang.[38] Finally, the packaged entangled states could
be also applied in medicine and energy transportation.
This paper is organized as follows. In section 2, we first constructed the mathematical expressions
of the packaged entangled states of a particle-antiparticle pair and discussed their properties. Next, we
discussed how to teleport a particle/antiparticle to a place at a distance using the packaged entangled
states. The advantage of this protocol is that the classical channel is removed due to the particle-
antiparticle annihilation phenomenon. Thirdly, we discussed how to transfer a packaged entangled state
from two particles to two other particles. Finally, we showed that the collapse of packaged entangled states
contributes to the origin of matter-antimatter asymmetry (or baryogenesis) of the observable universe.
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In section 4, we compared the difference between the packaged entangled states and the entangled states
studied in early literatures.
2 Theory
Because the packaged entangled states encapsulate all the necessary physical quantities for completely
identifying the particles, they should not include some particular physical quantity symbols but include
the abstract particle symbols, i.e., the particle quantum state |P 〉 and antiparticle quantum state ∣∣P¯〉.
We further require the packaged entangled states to be the eigenstates of some operator for the possible
experimental test of their existence. Let us now use charge conjugation to construct the mathematical
expression of the packaged entangled states of a particle-antiparticle pair.
It is known that |P 〉 and ∣∣P¯〉 are symmetrical in the sense of charge, i.e., the charge of |P 〉 and ∣∣P¯〉
are equal in quantity but with opposite signs. From particle physics [35, 36, 39] we know that |P 〉 and∣∣P¯〉 can be interchanged by the charge conjugation operator C, i.e., C |P 〉 = ∣∣P¯〉 and C ∣∣P¯〉 = |P 〉. This
mutual transformation indicates that |P 〉 and ∣∣P¯〉 could be superimposed in the sense of wave function
under certain conditions. In fact, the superposition states with different charge exist in the systems like
the well-studied bound “particle-antiparticle” pairs
∣∣PP¯〉, which are the eigenstates of C.[40] One can
also find the similar discussions about the superposition states with different charge in early literatures
[41, 42].
The charge conjugation not only reverses the sign of the particle’s electric charge (Q), but also reverses
the sign of all other internal quantum numbers [35], i.e., baryon number (B), lepton number (L), isospin
(I3), charm (C), strangeness (S), topness (T ), and bottomness (B′). All these internal quantum numbers
are packaged together under the charge conjugation. However, the charge conjugation does not change
the particles’ mass, energy, momentum, and spin.[35]
2.1 Packaged entangled states with C-symmetry
We first wish to construct the packaged entangled states with C-symmetry. Let us now consider the
following separable states of a particle-antiparticle pair A and B, i.e.,∣∣Θ+〉
AB
= |P 〉A
∣∣P¯〉
B
, (2.1a)∣∣Θ−〉
AB
=
∣∣P¯〉
A
|P 〉B , (2.1b)
and their linear combinations (superpositions),∣∣Ψ+〉
AB
=
1√
2
(|P 〉A ∣∣P¯〉B + ∣∣P¯〉A |P 〉B) , (2.2a)∣∣Ψ−〉
AB
=
1√
2
(|P 〉A ∣∣P¯〉B − ∣∣P¯〉A |P 〉B) . (2.2b)
Apply the charge conjugation operator C to the separable states, we have C |Θ+〉AB = |Θ−〉AB and
C |Θ−〉AB = |Θ+〉AB . This shows that the separable states |Θ±〉AB are not the eigenstates of C.
Let us now apply the operator C to the superposition states |Ψ±〉AB , we have,
C
∣∣Ψ±〉
AB
=
1√
2
[
C
(|P 〉A ∣∣P¯〉B)± C (∣∣P¯〉A |P 〉B)] ,
=
1√
2
(∣∣P¯〉
A
|P 〉B ± |P 〉A
∣∣P¯〉
B
)
,
= ± ∣∣Ψ±〉
AB
.
(2.3)
Eq.(2.3) shows that the superposition states |Ψ±〉AB are the eigenstates of the charge conjugation
operator C. On the other hand, one can easily show that C = C†.[43] This means that C is a Hermitian
operator and is therefore an observable physical quantity. As the eigenstates of C, therefore, |Ψ±〉AB
must exist.
2
The separable states |Θ±〉AB have a fundamental character: each of their particles is either a particle or
an antiparticle, the particles’ identities are determinate. But the superposition states |Ψ±〉AB (eigenstates
of C) are entangled states because they cannot be expressed as the direct product of the particle state and
antiparticle state.[1, 2] A fundamental character of |Ψ±〉AB is that each of their particles is a superposition
of a particle and an antiparticle, i.e., it is partially a particle and partially an antiparticle. Therefore, one
cannot tell which one is a particle and which one is an antiparticle. When performing a measurement
on A, it will collapse into either a particle |P 〉A, or an antiparticle
∣∣P¯〉
A
. If A collapse into a particle
|P 〉A, then B will collapse into an antiparticle
∣∣P¯〉
B
, i.e., |Ψ±〉AB → |P 〉A
∣∣P¯〉
B
. If A collapse into an
antiparticle
∣∣P¯〉
A
, then B will collapse into a particle |P 〉B , i.e., |Ψ±〉AB → ±
∣∣P¯〉
A
|P 〉B .
As mentioned before, the charge conjugation operator C packages a number of quantum numbers
(Q, B, L, I3, C, S, T , B′). All these quantum numbers should be entangled together in the packaged
entangled states |Ψ±〉AB . In other words, |Ψ±〉AB cannot be written as the product of the sub quantum
states related to the individual quantum numbers (freedoms). This feature can be embodied by rewriting
Eq.(2.2), i.e.,∣∣Ψ±〉
AB
=
1√
2
(|Q,B,L, I3, C, S, T,B′〉A |−Q,−B,−L,−I3,−C,−S,−T,−B′〉B
± |−Q,−B,−L,−I3,−C,−S,−T,−B′〉A |Q,B,L, I3, C, S, T,B′〉B) .
(2.4)
In fact, the packaged entangled states |Ψ±〉AB in Eq.(2.2) only include abstract particle symbols, |P 〉A,∣∣P¯〉
A
, |P 〉B ,
∣∣P¯〉
B
, but not some particular physical quantity symbols. This means that the quantum
numbers (Q, B, L, I3, C, S, T , B′) is packaged as an entirety in |Ψ±〉AB by the charge conjugation
operator C. The quantum numbers cannot be added in or taken out separately. Furthermore, a particle
and an antiparticle are different types of particles. It means that |Ψ±〉AB package different particles as
an entirety. Due to these reasons, we call the quantum states |Ψ±〉AB as packaged entangled states.
2.2 Packaged entangled states with C-symmetry breaking
The packaged entangled states |Ψ±〉AB in Eq.(2.2) are construct on the basis of a particle-antiparticle
pair in which the total charge is conserved (zero). They strictly obey the law of charge conservation in
the wave function collapse. From a mathematical point of view, however, there should be other forms of
packaged entangled states in which the total charge are not conserved in the wave function collapse, i.e.,
the total charge before the wave function collapse is not equal to that after the wave function collapse.
Let us now construct the mathematical expressions for these new packaged entangled states.
Consider the following two quantum states of a particle pair,∣∣Φ+〉
AB
= 1√
2
(|P 〉A |P 〉B + ∣∣P¯〉A ∣∣P¯〉B) , (2.5a)∣∣Φ−〉
AB
= 1√
2
(|P 〉A |P 〉B − ∣∣P¯〉A ∣∣P¯〉B) . (2.5b)
Applying the charge conjugation operator C to |Φ±〉AB , we have
C
∣∣Φ±〉
AB
=
1√
2
[
C (|P 〉A |P 〉B)± C
(∣∣P¯〉
A
∣∣P¯〉
B
)]
,
=
1√
2
[∣∣P¯〉
A
∣∣P¯〉
B
± |P 〉A |P 〉B
]
= ± ∣∣Φ±〉
AB
.
(2.6)
Eq.(2.6) shows that |Φ±〉AB are also the eigenstates of charge conjugation operator C. Because C is
a Hermitian operator (or an observable physical quantity) [43], its eigenstates |Φ±〉AB must exist.
Similar to |Ψ±〉AB , the states |Φ±〉AB are also entangled states because they cannot be expressed as
the direct product of the particle states and antiparticle states.[1, 2] Furthermore, as the eigenstates of
the charge conjugation operator C, the entangled states |Φ±〉AB also package in all the physical properties
capable of completely identifying the particles, i.e., the particle’s electric charge (Q), baryon number (B),
lepton number (L), isospin (I3), charm (C), strangeness (S), topness (T ), and bottomness (B′).
3
The packaged entangled states |Φ±〉AB have an interesting property. If a measurement is performed
on the particle pair, |Φ+〉AB (or |Φ−〉AB) will collapse and break the C-symmetry (the symmetry of
physical laws under the charge conjugation operator C) [35, 36, 39]. More specifically, if a measurement
is performed on A, it will collapse into either a particle |P 〉A, or an antiparticle
∣∣P¯〉
A
. If A collapse
into a particle |P 〉A, then B will also collapse into a particle |P 〉B , i.e., |Φ±〉AB → |P 〉A |P 〉B . If A
collapse into an antiparticle
∣∣P¯〉
A
, then B will also collapse into an antiparticle
∣∣P¯〉
B
, i.e., |Φ±〉AB →
± ∣∣P¯〉
A
∣∣P¯〉
B
. This process break the C-symmetry of the particle-antiparticle pair. Therefore, the law of
charge conservation does not hold in this process.
2.3 Annihilation of particles in packaged entangled states
The exact experimental methods for generating the packaged entangled states are unavailable at present.
However, it is well known that a particle and an antiparticle will annihilate each other when they
encounter.[44] Thus, one may ask what will happen when an external particle (from a particle source)
encounters a particle in a packaged entangled state?
Recall that external perturbation or a measurement on the particles in a packaged entangled state
will cause the wave function to collapse. Because each particle in the packaged entangled state is a
superposition of a particle and an antiparticle, the collapse of the packaged entangled state is then
not random, but has a partiality depending on the external particle due to the particle-antiparticle
annihilation phenomenon. In other words, when an external particleX (from a particle source) encounters
a particle A that is in a packaged entangled state, the particle-antiparticle annihilation phenomenon
[45, 46] will force A to collapse into a particle conjugating to X (with every internal quantum number
of A opposite to that of X), or project A onto a state conjugating to that of X. Thereafter, X and A
annihilate each other. This is not a process of continuous evolution via the Schrödinger equation.[47]
More specifically,
1. If X is a particle (denoted as |P 〉X), then A will collapse into an antiparticle
∣∣P¯〉
A
. The collapse
of total wave function may be expressed as,
|P 〉X
∣∣Ψ±〉
AB
−→ ± (|P 〉X ∣∣P¯〉A) |P 〉B ,
|P 〉X
∣∣Φ±〉
AB
−→ ± (|P 〉X ∣∣P¯〉A) ∣∣P¯〉B ;
2. If X is an antiparticle (denoted as
∣∣P¯〉
X
), then A will collapse into a particle |P 〉A. The collapse
of total wave function may be expressed as,∣∣P¯〉
X
∣∣Ψ±〉
AB
−→ (∣∣P¯〉
X
|P 〉A
) ∣∣P¯〉
B
,∣∣P¯〉
X
∣∣Φ±〉
AB
−→ (∣∣P¯〉
X
|P 〉A
) |P 〉B .
One can see that each particle in the packaged entangled states can annihilate with both a particle
and an antiparticle. This property could be used for testing the existence of packaged entangled states,
particle-antiparticle teleportation, and transfer of packaged entangled states.
2.4 Generalization to M(> 2)-particle systems
The packaged entangled states constructed in Eq.(2.2) and Eq.(2.5) are valid for 2-particle systems only.
We will now generalize them to M > 2-particle systems.
The quantum states of the M(> 2)-particle system can be classified using the number of antiparticles
included in the state. Let us first consider the separable states of this system and denote them by |Θ〉ij ,
where the suffix i represents the number of antiparticles and j labels the j-th combination of i antiparticles
in total M particles. The value of j can be j = 1, · · · , Q, where Q = (Mi ) = M(M−1)···(M−i+1)i! is the
number of i-combinations from M elements. Thus, we have
|Θ〉i1 =
∣∣P¯〉
1
∣∣P¯〉
2
· · · ∣∣P¯〉
i−1
∣∣P¯〉
i
|P 〉i+1 |P 〉i+2 · · · |P 〉M−1 |P 〉M ,
|Θ〉i2 =
∣∣P¯〉
1
∣∣P¯〉
2
· · · ∣∣P¯〉
i−1 |P 〉i
∣∣P¯〉
i+1
|P 〉i+2 · · · |P 〉M−1 |P 〉M ,
· · · · · · .
(2.7)
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In fact, the separable states in Eq.(2.7) can be obtained by doing various permutations to the first
one. One can see that these separable states are not symmetrical. We can form the symmetrical state by
adding the separable states (all possible permutations), i.e.,
|Θ〉i =
1√
Q
(
|Θ〉i1 + |Θ〉i2 + |Θ〉i3 + · · ·+ |Θ〉iQ
)
. (2.8)
Eq.(2.8) shows that |Θ〉i is an entangled state, but it is not the eigenstate of charge conjugation
operator C. Finally, we can obtain the eigenstate of operator C by doing a linear combinations on |Θ〉i
and its charge conjugation state
∣∣Θ¯〉
i
= C |Θ〉i, i.e.,∣∣Φ±〉
i
=
1√
2
(|Θ〉i ± ∣∣Θ¯〉i)
=
1√
2Q
[(
|Θ〉i1 + |Θ〉i2 · · ·+ |Θ〉iQ
)
±
(∣∣Θ¯〉
i1
+
∣∣Θ¯〉
i2
+ · · ·+ ∣∣Θ¯〉
iQ
)]
.
(2.9)
One can show that C |Φ±〉i = 1√2
(∣∣Θ¯〉
i
± |Θ〉i
)
= ± |Φ±〉i. This means that the packaged entangled
states |Φ±〉i are the eigenstates of charge conjugation operator C.
It should mentioned that, due to the particle-antiparticle symmetry, the separable states have following
symmetry (using the charge conjugation operator C),∣∣Θ¯〉
ij
= C |Θ〉ij = |Θ〉(M−i)j , (2.10)
where the formula
(
M
i
)
=
(
M
M−i
)
is used.[48] Using Eq.(2.10), one can easily write out the separable states
of the systems with more than
[
M
2
]
(here
[
M
2
]
denotes the integer part of M2 ) antiparticles (i.e., M − i
antiparticles) as follows: ∣∣Θ¯〉
01
= |Θ〉M1 ,∣∣Θ¯〉
1j
= |Θ〉(M−1)j ,∣∣Θ¯〉
2j
= |Θ〉(M−2)j ,
· · · · · · ,∣∣Θ¯〉[M2 ]j =
{ |Θ〉[M2 ]j ,M is an even number,
|Θ〉([M2 ]+1)j ,M is an odd number.
(2.11)
Let us now explicitly write out some special cases as follows:
i). Zero antiparticle (i = 0).
The total number of such separable states is
(
M
0
)
= 1.
|Θ〉01 = |P 〉1 |P 〉2 |P 〉3 · · · |P 〉M−1 |P 〉M .
The packaged entangled states are (see Eq.(2.9)) [49]∣∣Φ±〉
0
=
1√
2
(|Θ〉01 ± ∣∣Θ¯〉01) . (2.12)
If M = 2, then Eq.(2.12) reduce to Eq.(2.5).
ii). One antiparticle (i = 1).
The total number of such separable states is
(
M
1
)
= M .
|Θ〉11 =
∣∣P¯〉
1
|P 〉2 |P 〉3 · · · |P 〉M−1 |P 〉M ,
|Θ〉12 = |P 〉1
∣∣P¯〉
2
|P 〉3 · · · |P 〉M−1 |P 〉M ,
· · · · · · ,
|Θ〉1M = |P 〉1 |P 〉2 |P 〉3 · · · |P 〉M−1
∣∣P¯〉
M
.
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The symmetrical state is
|Θ〉1 =
1√
M
(|Θ〉11 + |Θ〉12 + |Θ〉13 + · · ·+ |Θ〉1M ) . (2.13)
and packaged entangled states are ∣∣Φ±〉
1
=
1√
2
(|Θ〉1 ± ∣∣Θ¯〉1) . (2.14)
If M = 2, then Eq.(2.14) reduce to Eq.(2.2).
iii). Two antiparticles (i = 2).
The total number of such separable states is B =
(
M
2
)
= M(M−1)2! .
|Θ〉21 =
∣∣P¯〉
1
∣∣P¯〉
2
|P 〉3 · · · |P 〉M−1 |P 〉M ,
|Θ〉22 =
∣∣P¯〉
1
|P 〉2
∣∣P¯〉
3
· · · |P 〉M−1 |P 〉M ,
· · · · · · .
· · · · · · .
The symmetrical state is
|Θ〉2 =
1√
B
(|Θ〉21 + |Θ〉22 + |Θ〉23 + · · ·+ |Θ〉2B) . (2.15)
and packaged entangled states are ∣∣Φ±〉
2
=
1√
2
(|Θ〉2 ± ∣∣Θ¯〉2) . (2.16)
iv).
[
M
2
]
antiparticles (i =
[
M
2
]
).
Let
[
M
2
]
denote the integer part of M2 . If M is an even number, then
[
M
2
]
= M2 . If M is an
odd number, then C = M2 − 1 <
[
M
2
]
< M2 . The total number of such separable states is
(
M
[M/2]
)
=
M(M−1)···(M−[M/2]+1)
[M/2]! .
|Θ〉[M2 ]1 =
∣∣P¯〉
1
∣∣P¯〉
2
· · · ∣∣P¯〉[M2 ]−1 ∣∣P¯〉[M2 ] |P 〉[M2 ]+1 |P 〉[M2 ]+2 · · · |P 〉M−1 |P 〉M ,
|Θ〉[M2 ]2 =
∣∣P¯〉
1
∣∣P¯〉
2
· · · ∣∣P¯〉[M2 ]−1 |P 〉[M2 ] ∣∣P¯〉[M2 ]+1 |P 〉[M2 ]+2 · · · |P 〉M−1 |P 〉M ,
· · · · · · .
The symmetrical state is
|Θ〉[M2 ] =
1√
C
(
|Θ〉[M2 ]1 + |Θ〉[M2 ]2 + · · ·+ |Θ〉[M2 ]C
)
. (2.17)
and packaged entangled states are∣∣Φ±〉[M2 ] = 1√2
(
|Θ〉[M2 ] ±
∣∣Θ¯〉[M2 ]) . (2.18)
From above discussions, we see that the packaged entangled states |Φ±〉i have the following properties
(Let NP be the number of P s and NP¯ be the number of P¯ s in |Θ〉i):
1. The collapse of the packaged entangled states |Φ±〉i will reduce them to one of the separable states
|Θ〉ij (see Eq.(2.7)) or ±
∣∣Θ¯〉
ij
, but not the entangled state |Θ〉i (see Eq.(2.8)) or ±
∣∣Θ¯〉
i
.
2. If M (the number of total particles in the system) is an even number and NP = NP¯ , then the
C-symmetry holds in the collapse of these wave functions. For example, if a measurement is performed
6
on |Φ±〉[M2 ] (see Eq.(2.18)), then they will either collapse into one of the separable states |Θ〉[M2 ]j or
± ∣∣Θ¯〉[M2 ]j . The C-symmetry holds in these processes.
3. IfM is an even number but NP 6= NP¯ , then the C-symmetry does not hold in the collapse of |Φ±〉i.
For example, if a measurement is performed on |Φ±〉0 (see Eq.(2.12)), then they will either collapse into
the separable states |Θ〉01 or ±
∣∣Θ¯〉
01
. These processes break the C-symmetry. Therefore, the C-symmetry
does not hold in the collapse of these wave functions.
4. If M is an odd number, then we always have NP 6= NP¯ . Therefore, all the packaged entangled
states have C-symmetry breaking.
3 Applications
3.1 Particle-antiparticle teleportation with packaged entangled states
We shall now discuss a possible particle-antiparticle teleportation protocol using the packaged entangled
states (see Fig.1). Here the particle-antiparticle teleportation does not mean to transmit a particle to
a receiver (from Alice to Bob), but only transmit the packaged quantum information carried by the
particle to the receiver.[37] In the teleportation process, we need to use particle-antiparticle annihilation
phenomenon which can be efficiently described by second quantization formalism. But this is not the
main point of the teleportation protocol. Our main point is about quantum entanglement and wave
function collapse which are related to first quantization.
Let us choose the packaged entangled state |Ψ+〉AB in Eq.(2.2a) to carry out the calculation. One
will see that the sender can control the receiver’s particle to be a particle (or an antiparticle) in the
teleportation process. For the convenience of discussion, the particle-antiparticle teleportation protocol
is divided into 5 steps.
Figure 1: (Color online) Schematic diagram for particle-antiparticle teleportation using the packaged
entangled states of a particle-antiparticle pair, |Ψ±〉AB = 1√2
(|P 〉A ∣∣P¯〉B ± ∣∣P¯〉A |P 〉B), and particle-
antiparticle annihilation phenomenon.
(1) Encoding. To carry out a particle-antiparticle teleportation, Alice needs to encode her informa-
tion in the form of quantum states of particles and antiparticles. Consider that Alice has a particle X
(or a sequence of particles) want to teleport to Bob. X is either a particle |P 〉X or an antiparticle
∣∣P¯〉
X
.
Without losing generality, let us write out X’s quantum state in a single formula as
|φ〉X = α |P 〉X + β
∣∣P¯〉
X
, (3.1)
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by assuming that, if X is a particle, then α = 1 and β = 0; if X is an antiparticle, then α = 0 and β = 1.
It should be emphasized that currently no physical theories or experiments has shown that a single
particle can be in the general superposition state with α2 + β2 = 1 in Eq.(3.1). It is either a particle
or an antiparticle (say an electron or a positron). Thus, the quantum information should be a particle-
antiparticle sequence as . . . , |P 〉 , . . . , ∣∣P¯〉 , . . . .
(2) Quantum channel creation. Alice needs a quantum channel, a particle-antiparticle pair in
the packaged entangled states, to send the information stored on particle X to Bob. According to the
agreement between Alice and Bob, they choose |Ψ+〉AB = 1√2
(|P 〉A ∣∣P¯〉B + ∣∣P¯〉A |P 〉B) (see Eq.(2.2a))
to carry out the teleportation.
After the particle-antiparticle pair is created in |Ψ+〉AB , one of them (particle A) is sent to Alice and
the other one (particle B) is sent to Bob. Before Alice carry out any further operation, the complete
state of the three particles (X, A, B) is
|φ〉X
∣∣Ψ+〉
AB
=
α√
2
(|P 〉X |P 〉A ∣∣P¯〉B + |P 〉X ∣∣P¯〉A |P 〉B)+ β√2 (∣∣P¯〉X |P 〉A ∣∣P¯〉B + ∣∣P¯〉X ∣∣P¯〉A |P 〉B) . (3.2)
(3) Sending. Alice can send out her information stored on particle X by annihilating particle X with
particle A. Referring to Section 2.3 we know that, when particle X encounters particle A, the particle-
antiparticle annihilation phenomenon [45, 46] will force A to collapse into a particle conjugating to X,
or project A onto the state
∣∣φ¯〉
A
= α¯
∣∣P¯〉
A
+ β¯ |P 〉A (see Eq.(3.1)). Thereafter, X and A annihilate each
other. Meanwhile, the three particle state |φ〉X |Ψ+〉AB (see Eq.(3.2)) should collapse into a final state
|Ψ+〉′XAB that only has terms including |P 〉X
∣∣P¯〉
A
and
∣∣P¯〉
X
|P 〉A (particle-antiparticle annihilation).
One can see that only the second term and third term in Eq.(3.2) satisfy these conditions. Therefore, we
obtain the final state, ∣∣Ψ+〉′
XAB
= α
(|P 〉X ∣∣P¯〉A) |P 〉B + β (∣∣P¯〉X |P 〉A) ∣∣P¯〉B
= α
∣∣PP¯〉
XA
|P 〉B + β
∣∣P¯P〉
XA
∣∣P¯〉
B
.
(3.3)
where
∣∣PP¯〉
XA
and
∣∣P¯P〉
XA
are the particles produced by the |P 〉X
∣∣P¯〉
A
and
∣∣P¯〉
X
|P 〉A annihilation
[45], respectively.
The reduction |φ〉X |Ψ+〉AB −→ |Ψ+〉′XAB indicates that the state of particle B will be modulated
after Alice annihilated particle X and A. Thus, Alice successfully sent out her information (state of
particle X) to Bob (state of particle B).
(4) Receiving. Bob can receive the packaged information by measuring the state of particle B.
Recall that before Alice annihilate particle X with A, Bob’s particle B was in the packaged entangled
state |Ψ+〉AB and was unrelated to particleX. After Alice annihilated particleX and A, however, particle
B collapsed into a separable state identical to that of particle X. This can be seen by by referring to
Eq.(3.3). Thus, the teleportation process is a simple correspondence between X and B, i.e.,(
α |P 〉X + β
∣∣P¯〉
X
) ∼ α ∣∣PP¯〉
XA
|P 〉B + β
∣∣P¯P〉
XA
∣∣P¯〉
B
.
This shows that Bob’s particle B becomes identical to X after Alice sent out her information by
annihilating X with A. Therefore, Bob can receive the packaged information of particle X by measuring
the state of particle B.
(5) Decoding. Referring to Eq.(3.1) and Eq.(3.3), Bob can decode the packaged information sent
to him by Alice (carried by particle X). More specifically, if X is a particle, i.e., |φ〉X = |P 〉X (see
Eq.(3.1)), then Eq.(3.3) becomes |Ψ+〉′XAB =
∣∣PP¯〉
XA
|P 〉B and B becomes a particle identical to X;
If X is an antiparticle, i.e., |φ〉X =
∣∣P¯〉
X
, then Eq.(3.3) becomes |Ψ+〉′XAB =
∣∣P¯P〉
XA
∣∣P¯〉
B
and B
becomes an antiparticle identical to X. The exact correspondence between X and B can be written as:
|P 〉X ∼ |P 〉B ,
∣∣P¯〉
X
∼ ∣∣P¯〉
B
.
Thus, if Bob measure B and find it is a particle, then he can infer that X is a particle. However, if
Bob measure B and find it is an antiparticle, then he can infer that X is an antiparticle. In this sense,
Bob can successfully decode the packaged information sent to him by Alice (carried by X).
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Similarly, one can repeat the above particle teleportation process using the other packaged entangled
states:
1. If one choose |Ψ−〉AB (see Eq.(2.2b)), then Eq.(3.3) becomes∣∣Ψ−〉′
XAB
= −α ∣∣PP¯〉
XA
|P 〉B + β
∣∣P¯P〉
XA
∣∣P¯〉
B
. (3.4)
If |φ〉X = |P 〉X , then |Ψ−〉′XAB = −
∣∣PP¯〉
XA
|P 〉B . If |φ〉X =
∣∣P¯〉
X
, then |Ψ−〉′XAB =
∣∣P¯P〉
XA
∣∣P¯〉
B
.
2. If one choose |Φ+〉AB (see Eq.(2.5)), then Eq.(3.3) becomes∣∣Φ+〉′
XAB
= α
∣∣PP¯〉
XA
∣∣P¯〉
B
+ β
∣∣P¯P〉
XA
|P 〉B . (3.5)
If |φ〉X = |P 〉X , then |Φ+〉′XAB =
∣∣PP¯〉
XA
∣∣P¯〉
B
(B becomes an antiparticle conjugating to X). If
|φ〉X =
∣∣P¯〉
X
, then |Φ+〉′XAB =
∣∣P¯P〉
XA
|P 〉B (B becomes an particle conjugating to X).
3. If one choose |Φ−〉AB (see Eq.(2.5)), then Eq.(3.3) becomes∣∣Φ−〉′
XAB
= −α ∣∣PP¯〉
XA
∣∣P¯〉
B
+ β
∣∣P¯P〉
XA
|P 〉B . (3.6)
If |φ〉X = |P 〉X , then |Φ−〉′XAB = −
∣∣PP¯〉
XA
∣∣P¯〉
B
. If |φ〉X =
∣∣P¯〉
X
, then |Φ−〉′XAB =
∣∣P¯P〉
XA
|P 〉B .
The above discussion shows that, if Alice and Bob choose |Ψ±〉AB (packaged entangled states with
C-symmetry, see Eq.(2.2), then Bob can obtain a particle (particle B) identical to that of Alice (particle
X). However, if Alice and Bob choose |Φ±〉AB (packaged entangled states with C-symmetry breaking,
see Eq.(2.5)), then Bob can obtain a particle conjugating to that of Alice.
Using the states |Ψ±〉AB , the particle-antiparticle teleportation process satisfies a number of con-
servation principles, i.e., charge (Q) conservation, baryon number (B) conservation, lepton number (L)
conservation, isospin (I3) conservation, charm (C) conservation, strangeness (S) conservation, topness
(T ) conservation, and bottomness (B′) conservation. Using the states |Φ±〉AB , however, the particle-
antiparticle teleportation process does not satisfy the above conservation principles. But in both cases,
the particle-antiparticle teleportation processes satisfy the principles of linear momentum conservation,
total energy conservation, and angular momentum conservation.
Finally, let us discuss how to teleport particles to multiple receivers [50, 51] using one of the packaged
entangled states in Eq.(2.14), i.e.,∣∣Φ+〉
1
=
1√
2M
[
(|Θ〉11 + |Θ〉12 + · · ·+ |Θ〉1M ) +
(∣∣Θ¯〉
11
+
∣∣Θ¯〉
12
+ · · ·+ ∣∣Θ¯〉
1M
)]
. (3.7)
Consider that Alice has a particle X as described by Eq.(3.1) and wants to teleport it to the M − 1
receivers: Bob, Carl, David, Edward, Frank, · · · . First, send particle 1 in the packaged entangled states
|Φ+〉1 to Alice and send the other M − 1 particles to the multiple receivers, respectively. Before Alice
carry out any further operation, the complete state of the 1 +M particles (see Eq.(3.2)) is
|φ〉X
∣∣Φ+〉
1
=
α√
2M
|P 〉X
[
(|Θ〉11 + |Θ〉12 + · · ·+ |Θ〉1M ) +
(∣∣Θ¯〉
11
+
∣∣Θ¯〉
12
+ · · ·+ ∣∣Θ¯〉
1M
)]
+
β√
2M
∣∣P¯〉
X
[
(|Θ〉11 + |Θ〉12 + · · ·+ |Θ〉1M ) +
(∣∣Θ¯〉
11
+
∣∣Θ¯〉
12
+ · · ·+ ∣∣Θ¯〉
1M
)]
.
(3.8)
Thereafter, Alice sends out her information stored on particle X by annihilating particle X with
particle 1. The 1+M particle state |φ〉X |Φ+〉1 (see Eq.(3.8)) should collapse into a final state |Φ+〉′X1(M−1)
that only has terms including |P 〉X
∣∣P¯〉
1
and
∣∣P¯〉
X
|P 〉1 (particle-antiparticle annihilation). One can see
that only the terms |Θ〉11 and
∣∣Θ¯〉
11
in Eq.(3.8) satisfy these conditions. Therefore, we obtain the final
state,∣∣Φ+〉′
X1(M−1) = α |P 〉X |Θ〉11 + β
∣∣P¯〉
X
∣∣Θ¯〉
11
= α |P 〉X
∣∣P¯〉
1
|P 〉2 |P 〉3 · · · |P 〉M−1 |P 〉M + β
∣∣P¯〉
X
|P 〉1
∣∣P¯〉
2
∣∣P¯〉
3
· · · ∣∣P¯〉
M−1
∣∣P¯〉
M
= α
∣∣PP¯〉
X1
|P 〉2 |P 〉3 · · · |P 〉M−1 |P 〉M + β
∣∣P¯P〉
X1
∣∣P¯〉
2
∣∣P¯〉
3
· · · ∣∣P¯〉
M−1
∣∣P¯〉
M
.
(3.9)
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If |φ〉X = |P 〉X , then |Φ+〉′X1(M−1) =
∣∣PP¯〉
X1
|P 〉2 |P 〉3 · · · |P 〉M−1 |P 〉M . If |φ〉X =
∣∣P¯〉
X
, then
|Φ+〉′X1(M−1) =
∣∣P¯P〉
X1
∣∣P¯〉
2
∣∣P¯〉
3
· · · ∣∣P¯〉
M−1
∣∣P¯〉
M
.
Eq.(3.9) shows that, using |Φ+〉1, each receiver can receive a particle identical to particle X. This
confirms that Alice can teleport particles to multiple receivers.
3.2 Transfer of packaged entangled states
As mentioned before, Alice needs a quantum channel (a particle pair in a packaged entangled state) to
perform particle-antiparticle teleportation. However, if two un-entangled particles are spatially separated
by large distance, then it is difficult to put these two particles into a packaged entangled state. In this
case, one should consider the possibility of transferring the packaged entangled state from the entangled
particles to the objective particles which are originally unrelated.
The purpose of this section is to study the entanglement transfer. The procedure is similar but not
equal to the entanglement swapping [52, 53]. The fundamental difference is that the entanglement
swapping process use Bell measurements to swap the entanglements, but here we will use particle-
antiparticle annihilation phenomenon to transfer the packaged entanglements. First, let us choose
|Ψ+〉AB = 1√2
(|P 〉A ∣∣P¯〉B − ∣∣P¯〉A |P 〉B) (see Eq.(2.2a)) to carry out the calculation (see Fig. 2).
Consider that particle A and B are originally in the packaged entangled state |Ψ+〉AB , and particle
C and D are in the packaged entangled state |Ψ+〉CD, i.e.,∣∣Ψ+〉
AB
=
1√
2
(|P 〉A ∣∣P¯〉B + ∣∣P¯〉A |P 〉B) ,∣∣Ψ+〉
CD
=
1√
2
(|P 〉C ∣∣P¯〉D + ∣∣P¯〉C |P 〉D) . (3.10)
Figure 2: (Color online) Schematic diagram for the entanglement transfer from the packaged entan-
gled states |Ψ+〉AB = 1√2
(|P 〉A ∣∣P¯〉B + ∣∣P¯〉A |P 〉B) and |Ψ+〉CD = 1√2 (|P 〉C ∣∣P¯〉D + ∣∣P¯〉C |P 〉D) to the
packaged entangled state |Ψ+〉AD = 1√2
(|P 〉A ∣∣P¯〉D + ∣∣P¯〉A |P 〉D).
Apparently, A and D are unrelated, B and C are unrelated. Now we wish to connect A and D in a
packaged entangled state without touching them. This can be achieved by annihilating B and C.
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Before Alice carry out any further operation, the complete state of the four particles (A, B, C, D) is∣∣Ψ+〉
ABCD
=
∣∣Ψ+〉
AB
∣∣Ψ+〉
CD
=
1
2
(|P 〉A ∣∣P¯〉B |P 〉C ∣∣P¯〉D + |P 〉A ∣∣P¯〉B ∣∣P¯〉C |P 〉D
+
∣∣P¯〉
A
|P 〉B |P 〉C
∣∣P¯〉
D
+
∣∣P¯〉
A
|P 〉B
∣∣P¯〉
C
|P 〉D
) (3.11)
Each particle in the packaged entangled states is a superposition of a particle and an antiparticle.
When particle B encounters C, the particle-antiparticle annihilation phenomenon [45, 46] will force B
and C to collapse into a pair of conjugated particles (|P 〉B
∣∣P¯〉
C
or
∣∣P¯〉
B
|P 〉C). Afterwards, the particle-
antiparticle pair (B, C) will annihilate each other. Thus, the |Ψ+〉ABCD in Eq.(3.11) will collapse into a
state |Ψ++〉′ABCD which only has terms including |P 〉B
∣∣P¯〉
C
and
∣∣P¯〉
B
|P 〉C , i.e.,∣∣Ψ++〉′
ABCD
=
1√
2
(|P 〉A ∣∣P¯〉B |P 〉C ∣∣P¯〉D + ∣∣P¯〉A |P 〉B ∣∣P¯〉C |P 〉D)
=
∣∣Ψ+〉
AD
∣∣PP¯〉
BC
.
(3.12)
where |Ψ+〉AD = 1√2
(|P 〉A ∣∣P¯〉D + ∣∣P¯〉A |P 〉D) and ∣∣PP¯〉BC are the particles produced by the |P 〉B ∣∣P¯〉C
and
∣∣P¯〉
B
|P 〉C annihilation [45].
Eq.(3.12) shows that after the annihilation of particle B and C, particle A andD (originally unrelated)
is now in the packaged entangled states |Ψ+〉AD.
Furthermore, the above transfer process can be performed in a sequence or chain with any number of
packaged entanglement pairs, i.e.,
A−
︷ ︸︸ ︷
B · · ·C −
︷ ︸︸ ︷
D · · ·E−
︷ ︸︸ ︷
F · · ·G−
︷ ︸︸ ︷
H · · · I −J · · · .
Similarly, one can repeat the transfer process using other combinations of packaged entangled states.
The results are summarized in Table 1:
Table 1: Transfer of packaged entangled states
Combinations in Eq.(3.10) Eq.(3.12) Transferred state |. . . 〉AD
|Ψ+〉AB |Ψ+〉CD |Ψ++〉′ABCD = |Ψ+〉AD
∣∣PP¯〉
BC
|Ψ+〉AD = 1√2
(|P 〉A ∣∣P¯〉D + ∣∣P¯〉A |P 〉D)
|Ψ−〉AB |Ψ−〉CD |Ψ−−〉′ABCD = |Ψ+〉AD
∣∣PP¯〉
BC
|Ψ+〉AD = 1√2
(|P 〉A ∣∣P¯〉D + ∣∣P¯〉A |P 〉D)
|Ψ+〉AB |Ψ−〉CD |Ψ+−〉′ABCD = |Ψ−〉AD
∣∣PP¯〉
BC
|Ψ−〉AD = 1√2
(|P 〉A ∣∣P¯〉D − ∣∣P¯〉A |P 〉D)
|Φ+〉AB |Φ+〉CD |Φ++〉′ABCD = |Ψ+〉AD
∣∣PP¯〉
BC
|Ψ+〉AD = 1√2
(|P 〉A ∣∣P¯〉D + ∣∣P¯〉A |P 〉D)
|Φ−〉AB |Φ−〉CD |Φ−−〉′ABCD = − |Ψ+〉AD
∣∣PP¯〉
BC
|Ψ+〉AD = 1√2
(|P 〉A ∣∣P¯〉D + ∣∣P¯〉A |P 〉D)
|Φ+〉AB |Φ−〉CD |Φ+−〉′ABCD = − |Ψ−〉AD
∣∣PP¯〉
BC
|Ψ−〉AD = 1√2
(|P 〉A ∣∣P¯〉D − ∣∣P¯〉A |P 〉D)
|Ψ+〉AB |Φ+〉CD |Ω++〉′ABCD = |Φ+〉AD
∣∣PP¯〉
BC
|Φ+〉AD = 1√2
(|P 〉A |P 〉D + ∣∣P¯〉A ∣∣P¯〉D)
|Ψ+〉AB |Φ−〉CD |Ω+−〉′ABCD = |Φ−〉AD
∣∣PP¯〉
BC
|Φ−〉AD = 1√2
(|P 〉A |P 〉D − ∣∣P¯〉A ∣∣P¯〉D)
|Ψ−〉AB |Φ+〉CD |Ω−+〉′ABCD = |Φ−〉AD
∣∣PP¯〉
BC
|Φ−〉AD = 1√2
(|P 〉A |P 〉D − ∣∣P¯〉A ∣∣P¯〉D)
|Ψ−〉AB |Φ−〉CD |Ω−−〉′ABCD = |Φ+〉AD
∣∣PP¯〉
BC
|Φ+〉AD = 1√2
(|P 〉A |P 〉D + ∣∣P¯〉A ∣∣P¯〉D)
The above discussion shows that if one wish to transfer a C-symmetrical packaged entangled states
|Ψ±〉AB , then he/she needs to choose the identical combinations, i.e., |Ψ±〉AB |Ψ±〉CD and |Φ±〉AB |Φ±〉CD.
However, if one wish to transfer a C-asymmetrical packaged entangled states |Φ±〉AB , then he/she needs
to choose the cross combinations, i.e., |Ψ±〉AB |Φ±〉CD.
3.3 Matter-antimatter asymmetry via packaged entangled states
Matter-antimatter asymmetry (or baryogenesis) [38, 54–56] usually refers to the imbalance between
baryons and antibaryons produced after the Big Bang. The observations have shown that our uni-
verse has far more matter than antimatter [57–60]. This means that our universe either started with
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more matter than antimatter, or started with equal amount of matter and antimatter but later became
matter dominated due to some unknown physical laws. The former seems to be in conflict with rela-
tivistic quantum mechanics[61] and the latter were usually studied by research works.[38] Up to now, a
number of mechanisms have been proposed to address the matter-antimatter asymmetry, such as Higgs
field baryogenesis [62], electroweak baryogenesis [63, 64], leptogenesis [65, 66], Affleck-Dine baryogenesis
[67], GUT (grand unified theory) baryogenesis [68, 69], Planck-scale baryogenesis [38], etc.
We will now present a new interpretation to the origin of the matter-antimatter asymmetry using the
theory of packaged entangled states. Eq.(2.5) shows that the total charges of the packaged entangled
states |Φ±〉AB are not conserved in the process of wave function collapse. This phenomenon directly leads
to the imbalance between particles and antiparticles, or particle-antiparticle asymmetry. Therefore, the
collapse of packaged entangled states with C-symmetry breaking may contribute to the matter-antimatter
asymmetry of our universe.
First, we will propose a process of “entanglement selection” to explain why the particles created after
the Big Bang are in the packaged entangled states, but not in the separable states. Second, we will show
that strong interaction and electromagnetic interaction resulted in a phase transition and therefore leaded
to the baryon/anti-baryon asymmetry. Finally, we will show that the collapse of packaged entangled states
with C-symmetry breaking satisfies the Sakharov conditions [70]. Because the collapse of wave function
occurred after particle creation, the second quantization formalism is not necessary and first quantization
formalism is sufficient to describe the wave function collapse.
3.3.1 Entanglement selection
The matter-antimatter asymmetry can be described by the asymmetry parameter [71] ηB = (nB − nB¯) /nγ '
nB/nγ = (6.19± 0.15) × 10−10, where nB , nB¯ , and nγ are the overall number density of baryons, an-
tibaryons, and cosmic background radiation photons, respectively. One can see that ηB is a very small
number. Thus, a mechanism only needs to account for a tiny imbalance produced at a very early time.
(1) Quark creation and annihilation. It is believed that the asymptotically free quarks, gluons,
and leptons were created in Quark Epoch (the first millionth of a second after the Big Bang, i.e., t < 10−6
s and kT > 150 MeV). An equal amount of quarks and anti-quarks (with zero total charge) should be
created according to relativistic quantum mechanics [61]. This condition is obviously satisfied by both the
separable states |Θ±〉AB in Eq.(2.1), and the packaged entangled states |Ψ±〉AB in Eq.(2.2) and |Φ±〉AB
in Eq.(2.5). Each state that satisfies the particle-antiparticle pair condition is possible to occur according
to the principles of quantum mechanics.
If the quarks and anti-quarks were created in the separable states |Θ±〉AB in Eq.(2.1), then there
should be equal amount of quarks and anti-quarks. The quarks would annihilate all the anti-quarks.
This is also true for the packaged entangled states |Ψ±〉AB in Eq.(2.2), which have C-symmetry and the
law of charge conservation holds in the wave function collapse. More specifically, if A collapse into a quark
|P 〉A, then B will collapse into an anti-quark
∣∣P¯〉
B
, i.e., |Ψ±〉AB → |P 〉A
∣∣P¯〉
B
. If A collapse into an
anti-quark
∣∣P¯〉
A
, then B will collapse into a quark |P 〉B , i.e., |Ψ±〉AB → ±
∣∣P¯〉
A
|P 〉B . In other words,
an equal amount of quarks and anti-quarks will be produced after the wave function collapse and they
will annihilate each other. It should be emphasized that a quark can only annihilate with an anti-quark
of the same flavor. Thus, the quarks and anti-quarks created in Eq.(2.1) and Eq.(2.2) won’t live long and
will go back to photons.
However, if the quarks and anti-quarks were created in the packaged entangled states |Φ±〉AB in
Eq.(2.5), then the collapse of these wave function will break C-symmetry. The law of charge conservation
does not hold in this process. More specifically, if A collapse into a quark |P 〉A, then B will also collapse
into a quark |P 〉B , i.e., |Φ±〉AB → |P 〉A |P 〉B . If A collapse into an anti-quark
∣∣P¯〉
A
, then B will also
collapse into an anti-quark
∣∣P¯〉
B
, i.e., |Φ±〉AB → ±
∣∣P¯〉
A
∣∣P¯〉
B
. In other words, an unequal amount of
quarks and anti-quarks were produced after the wave function collapse. Thus, the quarks and anti-quarks
created in Eq.(2.5) may survive and live long.
(2) Phase transition. From a collective point of view, however, even if every quark-antiquark pair
were created in the packaged entangled states |Φ±〉AB , it is still possible that an equal amount of quarks
and anti-quarks will be produced after the collapse of all states |Φ±〉AB . This is because there is an
equal probability for each |Φ±〉AB to collapse into either |P 〉A |P 〉B or ±
∣∣P¯〉
A
∣∣P¯〉
B
. After the collapse
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of all these |Φ±〉AB , the total number of quarks will be equal to that of anti-quarks. These quarks and
anti-quarks will annihilate each other and go back to photons. Fortunately, this did not happen due to
the strong interaction between quarks and gluons which leaded to a phase transition. Let us now prove
it.
After the packaged entangled states |Φ±〉AB collapse into quarks (or antiquarks), the strong interaction
between the quarks (or antiquarks) will reduce the quarks’ (or antiquarks’) energy and combine them
into baryons (or antibaryons). Generally, the quark-quark potential due to the strong interaction between
quarks can be written as Vqq = − 43 αsr +kr, where αs is the quark-gluon coupling, r is the distance between
quarks, and k is confinement constant.[35, 36] Because each baryon is made up of three quarks, the total
quark-quark potential of each baryon can be approximately written out as VBaryon ≈ 3
(
− 43 αsrA + krA
)
,
where rA is the average distance between quarks.
Recall the definition of baryon number (density) B = 13 (nq − nq¯), where nq is the number (density) of
quarks and nq¯ is the number (density) of antiquarks. According to this definition, a baryon has a baryon
number of +1 and an antibaryon has a baryon number of −1. Thus, the total potential of quarks in the
baryons (or antibaryons), Vt, can be written out as,
Vt ≈ 3
(
−4
3
αs
rA
+ krA
)
|B| , (3.13)
where |B| is the absolute value of B.
Let us now use symbol E0 to denote energy density of all quarks created in the packaged entangled
states |Φ±〉AB (before the collapse of wave function). If the collapse of all packaged entangled states
result in an equal amount of quarks and antiquarks, then these quarks and antiquarks will annihilate
each other and go back to photons. The total energy will remain in the value of E0. However, if all
the packaged entangled states collapse into quarks (or antiquarks), then the energy density of quarks (or
antiquarks) will reduce to E0 − Vt. Collecting all these terms, the total energy density of quarks can be
written out as,
Et =
{
E0 before the collapse of the packaged entangled states
E0 − Vt after the collapse of the packaged entangled states (3.14)
Eq.(3.14) shows that the energy density of all quarks, Et, is a decreasing function of the absolute
value of baryon number (density) B (see Fig. 3). The packaged entangled states are states with higher
energy (E0). However, the strong interaction between quarks (or antiquarks) made it energy favorable
for more packaged entangled states to collapse into baryons (or antibaryons). They experienced a process
of spontaneous symmetry breaking and therefore leaded to a phase transition that resulted in matter-
antimatter asymmetry.
With expansion of the universe, the temperature reduce to a critical value where the energy density is
not enough to create new quarks/anti-quarks (kT < 150 MeV). Finally, part of the baryons will annihilate
an equal amount of antibaryons as the universe expanded and cooled down. However, the remnant
particles that are not annihilated will survive. This should contribute to the tiny residue asymmetry
parameter ηB . [71]
(3) Leptogenesis. It should be also mentioned that, once the imbalance between baryons and
antibaryons is formed, there is a non-zero net charge which will generate an electric field. This field
will interact with the leptons/antileptons in packaged entangled states. The interaction is described
by the Coulomb potential Vem = −αr . Thus, the collapse of the packaged entangled state of leptons
(|Φ±〉AB) is not random, but has a partiality depending on the electric field generated by the baryons (or
antibaryons). In other words, the electric field baryons (or antibaryons) will cause the leptons/antileptons
in the packaged entangled field to collapse into particles with a charge conjugating to that of the baryons
(or antibaryons). This means that the baryogenesis results in leptogenesis.
Now we can summarize the entanglement selection process based on the packaged entangled states
with C-symmetry breaking: due to particle-antiparticle annihilation, the particles created in the separable
states and packaged entangled states with C-symmetry are short-lived, but the particles created in the
packaged entangled states with C-symmetry breaking can be long-lived and survive until today due to
phase transition caused by the quark-quark potential. The entanglement selection process is similar to the
idea of universal selection from the universal Darwinism (generalized Darwinism) [72–74].
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Figure 3: (Color online) Schematic diagram for the quark energy density Et as a function of baryon
number B. An spontaneous symmetry breaking occurs due to the quark-quark potential after the collapse
of packaged entangled states. With the expansion of universe, the baryon number stop increasing at the
value |BC | where the total energy density (or temperature) of the universe reduced to the lowest value
for creating new quarks/anti-quarks (150 MeV).
3.3.2 Packaged entangled states and Sakharov conditions
In 1967, Sakharov [70] proposed three necessary conditions for a physical process that can lead to the
matter-antimatter asymmetry: 1. Violation of baryon number B, 2. Violation of C-symmetry and CP-
symmetry, 3. Departure from thermal equilibrium. We shall now choose the packaged entangled states
|Φ+〉AB (see Eq.(2.5a)) to show that the collapse of a packaged entangled state with C-symmetry breaking
satisfies the Sakharov conditions [70].
(1) Violation of baryon number B. All quarks (u, d, t, b, c, s) carry a baryon number [35, 36]
B = 1/3 and their anti-quarks carry a baryon number B = −1/3. Let us now assume that, in the
packaged entangled state |Φ+〉AB (see Eq.(2.5a)), the |P 〉s represent quarks and
∣∣P¯〉s represent anti-
quarks. Therefore, the total baryon number of |Φ+〉AB is B = 0. Under the external perturbation, if
|Φ+〉AB collapses into the separable state |P 〉A |P 〉B , then the variation of baryon number is ∆B = 2/3.
However, if |Φ+〉AB collapses into the separable state
∣∣P¯〉
A
∣∣P¯〉
B
, then the variation of baryon number is
∆B = −2/3. This means that the total baryon number B is violated in either case during the collapse
of wave function.
Similarly, if the |P 〉s and ∣∣P¯〉s in |Φ+〉AB represent the leptons and anti-leptons, then the total lepton
number L is violated during the collapse of wave function. In fact, the collapse of |Φ+〉AB also violates
the other packaged quantum numbers, i.e., Q, I3, C, S, T , and B′.
(2) Violation of C-symmetry and CP-symmetry. Recall that |Φ+〉AB is an eigenstate of the
charge conjugation operator C (see Eq.(2.6)). Applying C to |Φ+〉AB , we have
C
∣∣Φ+〉
AB
=
∣∣Φ+〉
AB
. (3.15)
For the separable states |P 〉A |P 〉B and
∣∣P¯〉
A
∣∣P¯〉
B
, we have
C (|P 〉A |P 〉B) =
∣∣P¯〉
A
∣∣P¯〉
B
, and C
(∣∣P¯〉
A
∣∣P¯〉
B
)
= |P 〉A |P 〉B . (3.16)
The C-symmetry is obviously conserved in Eq.(3.15), but not conserved in Eq.(3.16). This shows that
the C-symmetry breaks in the process of wave function collapse: |Φ+〉AB → |P 〉A |P 〉B , or |Φ+〉AB →∣∣P¯〉
A
∣∣P¯〉
B
.
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The parity operator P reverses the space coordinates, i.e., P : ~r → −~r. Applying P to |Φ+〉AB ,
we have P |Φ+〉AB = p |Φ+〉AB , where p = ±1 is the eigenvalues of P . The exact value of p depends
on the exchange symmetry of the particle states. Similarly, we have P (|P 〉A |P 〉B) = p |P 〉A |P 〉B and
P
(∣∣P¯〉
A
∣∣P¯〉
B
)
= p
∣∣P¯〉
A
∣∣P¯〉
B
.
Now applying the product operator CP to |Φ+〉AB , we have
CP
∣∣Φ+〉
AB
= p
∣∣Φ+〉
AB
,
Applying CP to the separable states |P 〉A |P 〉B and
∣∣P¯〉
A
∣∣P¯〉
B
, we have
CP (|P 〉A |P 〉B) = p
∣∣P¯〉
A
∣∣P¯〉
B
, and CP
(∣∣P¯〉
A
∣∣P¯〉
B
)
= p |P 〉A |P 〉B .
The product CP cannot send |P 〉A |P 〉B or
∣∣P¯〉
A
∣∣P¯〉
B
back to |Φ+〉AB . Thus, the CP-symmetry
[39, 75] breaks in the process of wave function collapse: |Φ+〉AB → |P 〉A |P 〉B or |Φ+〉AB →
∣∣P¯〉
A
∣∣P¯〉
B
.
(3) Departure from thermal equilibrium. In fact, the expansion of universe assures the departure
from thermal equilibrium.[55]. But we would like to show that the collapse of packaged entangled state
with C-symmetry breaking further assures the departure from thermal equilibrium.
The particles in packaged entangled state |Φ+〉AB are indeterminate. Now consider that |Φ+〉AB
collapses into a separable state, i.e., |Φ+〉AB → |P 〉A |P 〉B (or
∣∣P¯〉
A
∣∣P¯〉
B
). However, the particles in the
separable state |P 〉A |P 〉B (or
∣∣P¯〉
A
∣∣P¯〉
B
) are determinate, i.e., they are either particles or antiparti-
cles. This means that the separable states |P 〉A |P 〉B (or
∣∣P¯〉
A
∣∣P¯〉
B
) cannot go back to the packaged
entangled state |Φ+〉AB . Therefore, the wave function collapse, |Φ+〉AB → |P 〉A |P 〉B (or
∣∣P¯〉
A
∣∣P¯〉
B
),
is an irreversible process. Further, the particles in the separable states are identical particles and their
cannot annihilate each other. These show that the collapse of packaged entangled state with C-symmetry
breaking assures the departure from thermal equilibrium.
4 Discussion
We have studied the properties of packaged entangled states and their applications. Let us now further
discuss the difference by comparing to other theories.
(1) Characteristics of packaged entangled states. The packaged entangled states is strongly related to
the charge conjugation operator C which packages a number of quantum numbers (Q, B, L, I3, C, S, T ,
B′) as an entirety. The quantum numbers cannot be added in or taken out separately. The particles in
the packaged entangled states are indeterminate. This means that each particle in the packaged entangled
states is partially a particle and partially an antiparticle. In other words, a packaged entangled state is an
entangled state of particle and antiparticle, i.e., an entangled state of different particles. Apparently, the
hyperentanglement and multimode entangled states do not have these properties. They are the entangled
states of several physical quantities of identical particles. These difference result in the difference between
the particle-antiparticle teleportation protocol described in this paper and other quantum teleportation
protocols described in early literatures [9, 51], and the difference between the entanglement transfer
described in this paper and quantum swapping described in early literatures.
On the other hand, the charge of a particle and an antiparticle are equal in quantity but with opposite
signs, i.e., a particle and an antiparticle are symmetrical in the sense of charge. As discussed before, the
particles in a packaged entangled state are a superposition of a particle and an antiparticle. Thus, their
charges are indeterminate. If we refer a particle’s charge as its gender, then the particles in the packaged
entangled states are hermaphroditic particles. In this sense, the identities of the particles in a packaged
entangled states are indeterminate.
(2) Particle-antiparticle teleportation. In early quantum teleportation protocols [9, 51], Alice sends out
the information of particle X by performing a Bell measurement on particles X and A. This measurement
has four possible results. Thereafter, Alice needs a classical channel to inform Bob about her Bell
measurement result. In the present particle-antiparticle teleportation protocol, however, Alice sent out
the information of X by annihilating X with A. Alice’s experimental result is fixed by the particle-
antiparticle annihilation phenomenon. Thus, Bob’s result has a fixed relationship with that of X and he
can decode the information directly. The classical channel between Alice and Bob is then removed, which
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indicates the possibility of superluminal communication. This is consistent with the recent experimental
results which have shown that the speed of “spooky action at a distance” is at least 10,000 times of the
speed of light.[76]
In the particle-antiparticle teleportation process, Alice can modulate the receiver’s particle (particle
B) to be a particle or an antiparticle at a distance by choosing particleX to be a particle or an antiparticle.
Therefore, Alice can control particle B whether to annihilate or not to annihilate with its environment
particles at will. This property may be applied in medicine, such as positron emission tomography
(PET) [77], positron annihilation spectroscopy (PAS), and the band structure measurements in solid
state physics as well. Furthermore, it may also be applied in remote control. Finally, the particle-
antiparticle teleportation process could be used to transport energy because the particle-antiparticle
annihilation process can release a large amount of energy.
(3) Transfer of packaged entangled states. In the transfer of packaged entangled states, the outcome
is fixed due to the particle-antiparticle annihilation phenomenon. But in quantum swapping [52, 53], the
outcome is not fixed and there are four possible results due to the Bell measurement.
(4) External physical quantities. As mentioned before, the charge conjugation operator C packages a
number of internal quantum numbers (Q, B, L, I3, C, S, T , B′), but it does not change the particles’
mass, energy, momentum, and spin. This means that the packaged entangled states do not include these
external physical quantities. The relationship between the internal and external physical quantities will
be discussed in a forthcoming paper.
(5) Matter-antimatter asymmetry. The present paper used first quantization formalism (quantum
mechanics) to describe the mechanism that caused the matter-antimatter asymmetry. The main idea is the
collapse of wave function of the packaged entangled states. The matter-antimatter asymmetry was formed
after particle creation. However, the other theories [62, 63, 65, 67, 68] used second quantization formalism
(quantum field theory) to describe the mechanism that caused the matter-antimatter asymmetry. The
main ideas are the interactions between elementary particles. The matter-antimatter asymmetry was
formed in the process of particle creation.
The entanglement selection process indicates that it is a random result that our universe is made of
matter, but not anti-matter. More specifically, it depends on the initial condition at the moment of wave
function collapse. For example, if the packaged entangled states |Φ±〉AB collapse and happened to roll
into |P 〉A |P 〉B , then an universe made of matter is created. However, if |Φ±〉AB happened to roll into
± ∣∣P¯〉
A
∣∣P¯〉
B
, then an anti-universe made of antimatter is created.
Furthermore, the packaged entangled states and entanglement selection process may indicate the
possibility of multiverse [78–80]. This is because the entanglement selection process results in the random
origin of the universe, which means that the structure and composition of a universe is not unique. This
multiple origin indicates that the existence of universe may be not unique, but multiple.
The matter-antimatter asymmetry via the collapse of packaged entangled states with C-symmetry
breaking occurred after particle creation. It does not conflict with the mechanisms proposed in early
literatures, which occurred in the process of particle creation. All these mechanisms may coexist.
5 Conclusion
We have shown that particles and antiparticles can form packaged entangled states. These states can
be divided into two types, i.e., C-symmetrical and C-asymmetrical. The packaged entangled states are
the eigenstates of charge conjugation operator. The species of particles in the packaged entangled states
are indeterminate. They are superpositions of a particle and an antiparticle. We proposed a protocol
for teleporting a particle or an antiparticle to a large distance using the packaged entangled states.
Different to early studies, the particle-antiparticle teleportation protocol introduced here does not need
a classical channel due to the particle-antiparticle annihilation phenomenon. One can teleport a particle
identical to the original particle to the receiver using the packaged entangled states with C-symmetry,
but teleport a particle conjugating to the original particle to the receiver using the packaged entangled
states with C-symmetry breaking. One can also transfer a packaged entangled state from a particle
pair to another particle pair. Finally, we show that the collapse of packaged entangled states with
C-symmetry breaking contributes to the matter-antimatter asymmetry of the observed universe. The
particles created in separable states and packaged entangled states with C-symmetry are short-lived, but
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the particles created in the packaged entangled states with C-symmetry breaking can be long-lived and
survive until today. The collapse of packaged entangled states with C-symmetry breaking satisfies the
Sakharov conditions, i.e., violation of baryon number B, violation of C-symmetry and CP-symmetry, and
departure from thermal equilibrium.
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